Contribution of natural and anthropogenic PM 2.5 sources is quantified. Back-trajectories for marine and crustal sources each show input from offshore. Results for crustal source are explained by long-range transport of Saharan dust. Results for Hg species, SO 2 and NO x show influence of combustion-related plumes. Results for RGM show diurnal cycle of production characteristic of marine influence. a r t i c l e i n f o 
Introduction
Proximity of urbanized areas to coastal ecosystems provides a ready source for atmospheric transport of mercury (Hg) and other contaminants. Where element enrichments in atmospheric aerosols greatly exceed proportions expected in natural crustal or marine background inputs, anthropogenic sources are indicated (Duce et al., 1975; Pacyna and Pacyna, 2001; Song et al., 2001 ). In the absence of anthropogenic inputs, coastal areas are primarily influenced by marine aerosols enriched in constituents that are concentrated in seawater, such as Na, Mg, and Sr, and terrigenous aerosols characterized by lithophile elements that are enriched in the Earth's crust, such as Al, Zr and the rare earth elements (REE) .
In the present study, we collected a nearly four month (03 April to 29 July, 2008) sequence of atmospheric fine particulate matter (PM 2.5 ) at a coastal site on the Quissett Campus of Woods Hole Oceanographic Institution (WHOI), at the southwestern extent of Cape Cod, Massachusetts, USA (Fig. 1) . We use positive matrix factorization (PMF), a data analysis approach, together with concentration weighted trajectory analysis (CWT), an air-mass trajectory approach, to understand the sources controlling PM 2.5 chemistry and their geographic distribution. The study area is residential to rural, with no large emission sources within 50 km of the site (2008 Hg emissions only 6.4 kg yr À1 ), and none within 10 km (Engle et al., 2010a) . However, the area is located within 100 km of the urban centers of Boston, Massachusetts and Providence, Rhode Island, and within about 275 km of the New York City metropolitan area (Fig. 1 ). The proximity of these northeastern urban centers influences air quality on Cape Cod, including ozone levels, especially during the summer months (Massachusetts Department of the Environment, 2012; U.S. EPA, 2012b; Cooper et al., 2012) . Previous sampling for PM 2.5 chemistry at coastal sites in the eastern U.S. includes the New YorkeNew Jersey Harbor estuary (Gao et al., 2002) , and Brigantine, New Jersey, along the southern New Jersey coast (Song et al., 2001 ) together with two inland sites. These studies identify source categories including fossil energy, marine, soil/crustal, and metal smelting, as well as waste incineration, whose impact has been reduced by subsequent EPA regulations. Golomb et al. (1997) compared trace element concentrations in wet and dry deposition over a one-year interval at Nahant, Massachusetts, near Boston, with that at Truro, a more rural site near the northern extent of Cape Cod. These authors found that although metal concentrations in dry deposition were generally higher at Nahant, annual wet deposition for elements such as Se, Co, Sb, Zn, Pb, etc. was higher at Truro. Golomb et al. considered this to be due to rainout of metals from air masses that had traversed the urban corridor to the southwest that includes New York City.
For Hg speciation, recent work provides multiyear data for two sites in southern New Hampshire that should be comparable to the WHOI site. These include a coastal site at Thompson Farm, and an offshore site at Appledore Island Sigler et al., 2009a,b) . These studies show differences in Hg speciation between the two coastal/offshore sites and an upland site inland. The two marine-influenced sites show a diurnal cycle of reactive gaseous mercury (RGM) production characteristic of sites having a marine influence (Laurier and Mason, 2007; Engle et al., 2008) .
The present study is one of a series of coastal studies conducted by the U.S. Geological Survey between 2005 and 2010, aimed at understanding controls on atmospheric Hg deposition in coastal environments (Kolker et al., 2007; Engle et al., 2008 Engle et al., , 2010a , and ultimately, Hg uptake and availability in coastal ecosystems (Engle et al., 2010b Fig. 1) . A summary of seasonal variation in Hg speciation at the WHOI site is given by Engle et al. (2010a) , in comparison with eight other sites in central and eastern North America. Among coastal sites studied by the USGS, the WHOI site is the first of two more northerly sites (Acadia National Park, Maine is the other), sampled to determine the effect of climate on Hg speciation, in comparison with warmer water coastal sites at Weeks Bay National Estuarine Reserve, Alabama, Cape Romain, South Carolina, and Luquillo National Forest, Puerto Rico (Engle et al., , 2010a .
Methods

Sampling protocols
Atmospheric aerosol samplers were deployed above tree-top level on a permanent observation tower with open exposure to the ocean less than 200 m from the shore. The bulk of this study is based on 73 PM 2.5 samples taken in 1e6 day intervals from 03 April to 29 July, 2008. This sampling was conducted using two tripodmounted low volume samplers in which PM 2.5 were collected on acid-cleaned 47 mm PTFE filters for trace metals (TM). In addition to the above, PM, including PM 2.5 , coarse particulate (PM 10 ), and total suspended particulate (TSP) samples were collected in 12-h day/12-h night intervals from 21 to 28 February, and from 29 July to 4 August, 2008, using tripod-mounted low-volume (16.7-or 42 L min À1 ) pump/filter pack assemblies.
The USGS Mobile Mercury Lab (Mobile Lab) was deployed on the WHOI Quissett Campus from 1 February, 2008 until 6 January, 2009, coincident with PM sampling described above. For mercury speciation, the Mobile Lab is equipped with a Tekran 1130/1135 Hg speciation unit coupled to a Tekran 2537A Cold Vapor Atomic Fluorescence Spectrometer (CVAFS). Our standard sampling and QA/QC protocols for measurement of atmospheric Hg species in coastal environments were followed (see Engle et al., 2008 Engle et al., , 2010a Kolker et al., 2008 Kolker et al., , 2010 . Briefly, the mercury speciation system operates on a repeating 2 h cycle, sequentially collecting reactive gaseous mercury (RGM) on a KCl-coated annual denuder, fine particulate mercury (Hg-PM 2.5 ) on a regenerable particulate filter, and gaseous elemental mercury (Hg ) on gold traps. Each fraction of mercury collected is thermally desorbed and analyzed by the Tekran 2537A as Hg . System blanks were calculated as the average Hg concentrations for the two intervals immediately prior to and after determination of the Hg-PM 2.5 and RGM species for each 2 h interval and subtracted from the Hg concentrations for that interval. Detection limits for ambient Hg (0.1 ng m À3 ) are well below the range of observed values for Hg in this study. Detection limits for RGM and Hg-PM 2.5 are not precisely known, but a value of 2.0 pg m À3 is used in this study as a cut-off below which RGM and Hg-PM 2.5 values are not reported. Using this lower limit, approximately 62% of RGM and 81% of Hg-PM 2.5 values obtained are below the detection limit. The CVAFS was calibrated every 1e7 days using an internal permeation source which was checked against manual Hg injections every 1e2 months. Replacement intervals for annual denuders were every 2e4 weeks and the regenerating particulate filter was replaced every 1e2 months, or sooner if needed. Bias checks for the two gold traps showed average differences of less than 5%. In addition to speciated mercury, the Mobile Lab is equipped with samplers/analyzers for PM 2.5 mass (TEOM), as well as ancillary gasses including O 3 , NO x and SO 2 (Thermo-Environmental Models 49C, 43C, and 42C, respectively), and recording meteorological data, including temperature, barometric pressure, wind speed and direction, incident solar radiation, and leaf wetness, each collected in intervals of 5 min on a Campbell Scientific data logger.
Analytical methods
Particulate samples for trace metal analysis were extracted from filter media using a 4-acid digestion method and analyzed by ICP-MS for a suite of approximately 30 elements (Briggs and Meier, Fig. 2 . PM 2.5 element enrichment factors (EFs) vs. crustal (cr e solid circles) and marine (sw e open triangles) sources represented by Al and Na, respectively, which are defined by EF's of 1.0 for each source. Elements having enrichment factors of 10 or more relative to both natural sources include As, Bi, Cd, Cu, Hg, Pb, Sb, V, and Zn. Based on their EFs, these elements are likely contributed by anthropogenic sources.
Table 1
Spearman correlation coefficients among PM 2.5 elements Al, As, Na, and Pb representing crustal, energy, marine and smelter sources, respectively, and other selected elements. A. Kolker et al. / Atmospheric Environment 79 (2013) 760e768 2002), at USGS Central Mineral and Environmental Resources Science Center laboratories in Denver, Colorado. Recovery of trace elements from triplicate analysis of a particulate matter reference material (NIST SRM 1648a) and quadruplicate analysis of a soil standard (NIST SRM 2709a) was within 20% of reported values for all elements examined here. A total of 13 field blanks were collected over the course of the investigation and analyzed for trace elements; all data were blank corrected and method detection limits were calculated as three times the standard deviation of the field blanks. Concentrations of Al, Cd, Mg, Na, Sr, and V in these samples exceed detection limits in nearly all cases, whereas As, Ba, Ce, Ga, La, Rb, Sb, Y, and Zn, are quantifiable in approximately half of the samples. A greater number of elements are measureable in the TSP samples and in PM 2.5 samples collected over 24 h or more. Six sets of duplicate filters, collected within a 2 m distance, showed less than 30% median difference between pairs for all elements except for Y (31%) and Ga (37%).
Data analysis approaches
In order to distinguish possible source categories contributing to PM 2.5 at the Cape Cod site, element enrichment factors (EFs) were calculated in relation to natural sources represented by Al for a crustal source and Na for a marine source, (Duce et al., 1975): EF ðElÞ ¼ concðElÞ sample =concðAl or NaÞ sample = concðElÞ crust or seawater =concðAlÞcrust or concðNaÞ seawater
Where "conc(El) sample " is the concentration of an element of interest in a sample and "conc(El) crust or seawater " is the concentration of that element in the Earth's crust or in seawater. In this analysis, elements with enrichment factors of 10 or more relative to natural sources are considered to be derived from anthropogenic sources (Duce et al., 1975) .
In order to gain a more detailed understanding of potential PM 2.5 sources, trace element data were subjected to positive matrix factorization (PMF) analysis using the EPA PMF 3.0 model (U.S. EPA, 2012c). In general, data reduction techniques such as PMF, factor analysis, and similar approaches, are mathematical methods to group observed variables (i.e., trace elements) into a fewer number of unobserved variables called factors or components (i.e., emission sources of the trace elements). For purposes of source apportionment, the factors are then regressed against a species of interest, such as PM 2.5 mass. For environmental data, it has been shown that PMF is better suited than customary factor-or principal component analysis since it guarantees non-negative results (Paatero and Tapper, 1994) , particularly for receptor modeling (Reff et al., 2007 and references therein), and can accept varied levels of uncertainty for each measurement and parameter.
To determine concentration-weighted back trajectories for each of the source factors identified by PMF, air-mass back trajectories from the study area were first calculated using data from the U.S. National Oceanic and Atmospheric Administration's (NOAA) Eta Data Assimilation System (EDAS) archive. These trajectories were combined with results from the PMF analysis in the GIS-based software program, TrajStat (Wang et al., 2009 ), a program that uses trajectory statistical analysis data to identify potential source locations from long-term air pollution measurements. To produce a visualization of concentration-weighted back trajectories, modeled PM 2.5 contributions for each source from the PMF model were used as the input data for TrajStat, resulting in four sets of analyses (one for each source). As such, the modeling results highlight the areas of largest mass contribution towards PM 2.5 from the different sources. The model was constrained using a grid size of ½ degree by ½ degree with back air mass trajectories calculated every six hours for 72 h at a starting height of 6 m (equal to the elevation of the inlets for the PM 2.5 samplers).
Results
Element enrichment factors
Calculation of cumulative enrichment factors for the 4-month PM sampling period (Fig. 2) distinguishes three groups of elements e a group that is enriched by a factor of 10 or more in relation to both Na and Al, indicating these are derived from one or more anthropogenic sources (includes As, Bi, Cd, Cu, Hg, Pb, Sb, V, Zn); a second group that shows no enrichment in relation to Al, indicating a crustal source (includes Ba, Ce, Co, Cs, Fe, Ga, La, Rb, Sc, Th, Ti, U, Y); and a third group showing no enrichment relative to Na, indicating a marine source (includes Ca, Mg, Sr; Fig. 2 ).
Source attribution of trace elements
Using the EPA PMF 3.0 model, the best model fit created four factors characterized by the following components: 1) Al, Ti, Y, Fe, Rb, Ce, Cs, Sc, La, and U; 2) Na, Mg, Sr, K and Ca; 3) Pb, Cd and Zn; and 4) As, Mo, V, Sb, Ni and Cu. These factors are interpreted to represent crustal, marine, a potential smelter source, and energy generation sources, respectively (Fig. 4 ). Trace metals with over 80% of the data censored (including Hg), were omitted from the model, whereas those with 50e80% of the data censored were rated "low impact". Inter-element correlations using Al, Na, Pb, and As to represent the four respective model factors, are consistent with element groupings identified using PMF (Table 1) . PMF results largely mimic sources identified using robust factor analysis on the same dataset (Engle et al., 2011) and those inferred from previous work at sites along the northeastern U.S. Atlantic Coast (Song et al., 2001; Gao et al., 2002; Sigler et al., 2009a,b) . In addition to identifying dominant factors contributing to PM 2.5 , the model also estimates the proportion of the PM 2.5 mass that can be attributed to input from each of the four sources over the study period. The energy generation source is the dominant contributor to PM 2.5 at the WHOI site, accounting for 45.5% of the mass determined. The marine (23.1%), crustal (18.4%), and smelter (13.0%) sources account for the remainder of PM 2.5 mass over the four month study period (Fig. 3) .
Mercury speciation
Mercury speciation data for the 4-month interval of detailed PM 2.5 sampling are shown in Fig. 4 . For Hg , baseline concentrations scatter about a value of 1.5 ng m À3 , within the range found by Engle et al. (2010a) for rural and coastal sites not impacted by local emission sources, and typical of background Hg concentrations in North America (1.3e1.8 ng m À3 ; Valente et al., 2007) . Changes in baseline elevation for Hg over the course of sampling correspond to periods of instrument recalibration (Fig. 4) . For RGM, 2-h concentrations exceeding 10 times the nominal baseline value of 2 pg m À3 occurred one or more times on 5 days during the period of PM 2.5 sampling and an additional 8 days overall. ; Fig. 4 ). These events commonly show elevation in both SO 2 and NO x within minutes or hours of the RGM peak arrival (e.g. 11 February; 16 April; Table 2 ). In some cases, however, there is no corresponding SO 2 peak and only NO x is elevated (e.g. 17 April), and on other occasions, SO 2 concentrations show only a broadly elevated baseline corresponding to the arrival of the RGM maximum, together with elevation of NO x (e.g. 7 May, peak R3; Fig. 4 ; Table 2 ). Some RGM peaks show corresponding HgPM 2.5 maxima (11 February; 24 March; 7 May; Table 2 ; Fig. 4) , consistent with partitioning of oxidized mercury between the gas and the solid phases (Amos et al., 2012) .
Ancillary gas data
Results for ancillary gases (NO x , SO 2 , O 3 ) obtained in conjunction with trace element and mercury speciation data are shown in Fig. 5 (Fig. 5) . NO x shows periodic elevation exceeding 50 ppb on at least 10 occasions during the PM study interval between 03 April and 29 July, 2008 (Fig. 6 ). In some cases, for example on 23 April, short-lived NO x plumes (71.5e84.45 ppb from 7:40 to 8:00) appear to be independent of other parameters. In other cases, NO x and SO 2 show more extended elevation at lower levels over multiple hours.
Air mass back trajectories with source apportionment
TrajStat provides a useful visualization of probable source areas for the four source factors identified by PMF. CWT back trajectories shown in Fig. 6 represent the highest 10% contribution periods for each factor for an air mass originating from a given cell. Air masses containing the components of the smelter-sourced factor (Pb, Cd and Zn) largely originate from northern Ontario, Canada, an area with active metal extraction and refining (Fig. 6a) . The factor interpreted to represent energy generation (As, Bi, Cd, Cu, Hg, Ni, Pb, Sb, V, and Zn) is largely incorporated in air masses coming from the industrial Ohio River Valley and Northeast urban corridor of the United States (Fig. 6b) . Some V (and Ni) may be also be contributed more locally by oil-burning power stations, three of which are located within 100 km of the WHOI site (Engle et al., 2011) . In contrast, air masses bearing the marine-factor (containing Na, K, Sr, Mg and Ca) are sourced from along the coast, coming from the north, south and Canada's Hudson Bay (Fig. 6c) . For the crustal source factor(containing Al, Ti, Y and Ce), some air-mass back trajectories originate from the North American interior, but many come from offshore to the east and southeast, where there are no nearby crustal sources (Fig. 6d) . These trajectories suggest long range transport of crustal material (following section).
Discussion
CWT back trajectories for the smelter and energy components are consistent with the distribution of known sources in southern Canada and the U.S. Ohio and Tennessee valleys, respectively. The Ohio valley has the greatest concentration of coal-fired utility power stations in the U.S. and back trajectories show that these airsheds are sampled by prevailing westerly air masses. For the marine component, trajectories show air-mass transport along the Atlantic coast as expected. At first examination, CWT back trajectories for the crustal component are surprising because they parallel those shown by the marine source (Fig. 6) . Offshore back trajectories for the crustal component are difficult to explain without long-range transport of crustally derived material. The CWT back trajectories found for the crustal source are consistent with input of African dust transported across the Atlantic from the Saharan region. The transport direction is seasonally variable, with the prevailing seasonal wind direction in the summer months having a westnorthwesterly orientation resulting in maximum dust deposition in regions along the path of the Saharan dust plume such as Florida (Moulin et al., 1997; Riemer et al., 2006; Doherty et al., 2008; Prospero et al., 2010; Trapp et al., 2010; Engelbrecht and Derbyshire, 2010) . Arrival of Saharan dust in the eastern U.S. northward into New England has been noted in previous work (Perry et al., 1997) and is explained by clockwise circulation around the Bermuda High, a persistent summer high pressure condition off the coast of Florida.
Mercury speciation and ancillary gas data provide evidence for other processes contributing to aerosol chemistry at WHOI. Amos et al. (2012) showed that oxidized ambient mercury (Hg(II)) Results show periodic elevation of NO x and SO 2 , and pronounced elevation of O 3 in the late summer months. Plot also shows SO 2 peaks S1 to S5 discussed in text. High ozone levels, especially in late summer, result from proximity of the study area to northeastern urban centers.
rapidly partitions between the gas phase (RGM) and particle-bound mercury that includes HgPM 2.5 . This partitioning is temperature dependent, favoring the gas phase under warm conditions, especially if aerosol contents are low, and the particle phase under cold conditions, especially if aerosol contents are high (Amos et al., 2012) . In the present study, correspondence of 2-h RGM and HgPM 2.5 maxima, at a range of temperatures, suggests that gasparticle partitioning in the Hg(II) system reaches equilibrium rapidly, but because a large proportion of HgPM 2.5 values are below detection (81% below 2.0 pg m À3 ), it is not possible to investigate RGMeHgPM 2.5 partitioning in greater detail with this dataset. Paired RGMeSO 2 (NO x ) peaks observed at the WHOI site are indicative of transient emission plumes from coal combustion sources (Edgerton et al., 2006; Kolker et al., 2008 Kolker et al., , 2010 . In these cases, RGM and SO 2 concentrations peak over a few hours and fall off rapidly as the plume passes. Evidence for short-term influence of coal combustion at the WHOI site is consistent with PMF modeling indicating energy sources as the major category contributing to PM 2.5 formation in the study area over a period of months. As shown by Engle et al. (2010a) , in the absence of combustion-related plumes, RGM at the WHOI site shows a diurnal cycle of elevation at mid-day, followed by decrease in the evening and overnight hours. A similar diurnal cycle of RGM variation is found at marine-influenced sites in general (Holmes et al., 2009; Laurier and Mason, 2007) and at eastern U.S. coastal sites ranging from southern New Hampshire Sigler et al., 2009a) , the Chesapeake Bay (Laurier and Mason, 2007) , and the U.S. Gulf Coast (Engle et al., , 2010a . Daily production of RGM occurs by photochemical oxidation of Hg , likely enhanced by the presence of halogens, relative to non-marine settings, and is correlated with diurnal trends in temperature and incident solar radiation (Laurier and Mason, 2007; Engle et al., 2008; Sigler et al., 2009a,b) . Engle et al. (2010a) compared patterns of mercury speciation among nine study sites primarily in central and eastern North America, including three coastal sites in the eastern U.S. each having a full year of speciation results: WHOI (41.5 N), Cape Romain, South Carolina (33.0 N), and Weeks Bay, Alabama (30.4 N). Diel bin plots (Engle et al., 2010a, Fig. 3) show that the daily pattern of RGM production is much less pronounced at the WHOI site than at the two more southerly U.S. coastal sites where mean sea surface temperature is higher and photochemical oxidation is greater. These results suggest that RGM production and availability are lesser in the more northerly coastal sites, and this, together with the temperature dependence of RGMeHgPM 2.5 partitioning, may help explain the pronounced differences in mercury deposition found for coastal New England relative to the U.S. Gulf Coast (National Atmospheric Deposition Program, Mercury Deposition Network, 2012).
Summary and conclusions
Positive matrix factorization was used together with concentration weighted air-mass back trajectories to identify source factors contributing to variation in PM 2.5 mass, and the geographic distribution of these sources, in relation to the WHOI site. Factors identified in PMF analysis include energy sources, marine, crustal, and metal smelting components, listed in decreasing order of influence, with the energy factor accounting for more than 40% of PM 2.5 mass. For the energy and metal smelting factors, back trajectories for each factor are consistent with sampling coal-fired power stations concentrated in the U.S. Ohio and Tennessee Valleys, and metal smelting in eastern Canada, respectively. The marine and crustal sources show surprisingly similar back trajectories, at times each sampling Atlantic coastal airsheds. Contribution of crustal material from offshore is explained by the summer trajectory of Saharan dust, leading to a maximum at the latitude of Florida in the summer months, combined with transport northward along the Atlantic Coast by clockwise circulation of the summer Bermuda High. Results for mercury speciation show diurnal RGM maxima from photochemical oxidation of Hg . together with concentrated-weighted trajectories (CWT) for the uppermost 10% contribution periods for each factor. For reference, SO 2 emitters are also plotted (black dots) scaled to emission load. Warmer colors indicate a greater potential that an air mass originating from that cell contributed a larger fraction of PM 2.5 mass and components of the given factor.
Magnitudes of diurnal RGM production are similar to those observed at two nearby coastal sites in New England and considerably smaller than at southeastern U.S. coastal sites, such as along the Gulf Coast. In addition to diurnal variation, pronounced RGM peaks that rapidly dissipate are correlated with SO 2 and NO x maxima, indicative of plumes from coal combustion sources traversing the WHOI study site.
